We previously demonstrated that the intrarenal hormone bradykinin (BK) induces the restructuring of FAs in papillary collecting duct cells by dissipation of vinculin, but not talin, from FAs through a mechanism that involves PLC␤ activation, and that it also induces actin cytoskeleton reorganization. In the present study we investigated the mechanism by which BK induces the dissipation of vinculin-stained FAs in collecting duct cells. We found that BK induces the internalization of vinculin by a noncaveolar and independent pinocytic pathway and that at least a fraction of this protein is delivered to the recycling endosomal compartment, where it colocalizes with the transferrin receptor. Regarding the reassembly of vinculin-stained FAs, we found that BK induces the formation of phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2]-enriched vinculin-containing vesicles, which, by following a polarized exocytic route, transport vinculin to the site of FA assembly, an action that depends on actin filaments. The present study, which was carried out with cells that were not genetically manipulated, shows for the first time that BK induces the formation of vesicle-like structures containing vinculin and PtdIns(4,5)P 2, which transport vinculin to the site of FA assembly. Therefore, the modulation of the formation of these vesicle-like structures could be a physiological mechanism through which the cell can reuse the BKinduced internalized vinculin to be delivered for newly forming FAs in renal papillary collecting duct cells. focal adhesions; renal papillae; recycling compartment BRADYKININ (BK) is an endogenous intrarenal hormone that plays an important role as a vasoactive modulator of renal function (43). In addition to its vasoactive actions, BK exerts significant effects on cellular growth and proliferation of cultured rat mesangial cells (2, 10). It is known that the signal that allows growth to proceed depends, in part, on the adhesion of cells to the extracellular matrix and that BK induces tyrosine phosphorylation of focal adhesion (FA) proteins such as focal adhesion kinase (FAK) and paxillin (24).
focal adhesions; renal papillae; recycling compartment BRADYKININ (BK) is an endogenous intrarenal hormone that plays an important role as a vasoactive modulator of renal function (43) . In addition to its vasoactive actions, BK exerts significant effects on cellular growth and proliferation of cultured rat mesangial cells (2, 10) . It is known that the signal that allows growth to proceed depends, in part, on the adhesion of cells to the extracellular matrix and that BK induces tyrosine phosphorylation of focal adhesion (FA) proteins such as focal adhesion kinase (FAK) and paxillin (24) .
FAs, which are specialized regions of the cell involved in attachment to the extracellular matrix, are associated with stress fibers at their cytoplasmic face and play a central role in adhesion, cell shape, motility, and morphogenesis of eukaryotic cells (6, 46) . FA assembly occurs through the binding of the integrin extracellular domain to extracellular matrix proteins and the later interaction of the ␤-integrin cytoplasmic domain with talin. Talin can then recruit vinculin, which, in turn, binds other FA proteins (5, 33) . The acidic phospholipid phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P 2 ] acts as a regulator of both actin dynamics and FA turnover (4, 42) , and many cytoskeleton proteins involved in cell adhesion bind PtdIns(4,5)P 2 in order to be either activated or inactivated (38) . It is accepted that both vinculin and integrin binding to talin are dependent on plasma membrane local availability of PtdIns(4,5)P 2 (29) .
Primary cultured rat renal papillary collecting duct cells preserve their tendency to interact with their self-formed extracellular matrix by mimicking their behavior in intact tissue. We recently demonstrated (27) that BK modulates cytoskeleton organization through a PLC␤-dependent mechanism. Indeed, BK dissipates vinculin-but not talin-stained FAs, thus inducing a remodeling of the actin cytoskeleton in a reversible fashion and preserving cell attachment to the extracellular matrix, thus maintaining the cell-to-cell connection (27) . Since FAs are the most stable points of cell tethering to the extracellular matrix, their dissipation is expected to cause cell detachment. In the specific case of renal papillary collecting duct cells, the preservation of the cell-extracellular matrix attachment is a condition of survival, since it is known that cell-extracellular matrix detachment leads to cell death by anoikis (44) . Considering that collecting duct cells constitute a target for BK, the fact that BK does not evoke total FA dissipation is consistent with its physiological role as a modulator of tubular function.
Taking into account that BK induces a restructuring rather than the disassembly of FAs, in the present study we investigated the mechanism by which BK induces the dissipation of vinculin-stained FAs in collecting duct cells. We demonstrated that BK induces vinculin-stained FA dissipation by the internalization of vinculin by a noncaveolar, independent pinocytic pathway, and that it is delivered to the recycling endosomal compartment. Regarding the reassembly of vinculin-stained FAs, we found that BK induces the formation of PtdIns(4,5)P 2 -enriched vinculin-containing vesicles, which, by following a polarized exocytic route, transport vinculin to the site of FA assembly.
MATERIALS AND METHODS
Animals and tissue preparation. Male Wistar rats (250 -300 g) were housed in a light-controlled room with a 12:12-h light-dark cycle and allowed free access to water and standard rat chow. All animals were handled and cared for according to the rules for animal care and use of laboratory animals of the University of Buenos Aires (Reglamento para el cuidado y uso de animales de laboratorio en la Universidad de Buenos Aires). The animal protocol was reviewed and approved by the Comité de Etica para el Cuidado y Uso de Animales de Laboratorio of the Facultad de Farmacia y Bioquímica, Universidad de Buenos Aires (CICUAL-FFYB). Rats were killed by decapitation, kidneys were removed, and renal papillae were isolated and collected in ice-cold 10 mM Tris ⅐ HCl, pH 7.4, containing (in mM) 140 NaCl, 5 KCl, 2 MgSO4, 1 CaCl2, and 5.5 glucose (Tris-buffered saline, TBS).
Cell cultures, bradykinin and other treatments. Primary cultures of papillary collecting duct cells were performed according to Stokes et al. (40) . Briefly, renal papillae were minced to 1-to 2-mm 3 pieces and incubated at 37°C in sterile TBS containing 0.1% collagenase II (Sigma, St. Louis, MO) under 95% O 2-5% CO2. After 40 min digestion was stopped, and isolated cells and structures were separated by centrifuging at 175 g for 10 min. The crude pellet containing most papillary cell types, tubular structures, and tissue debris was washed twice and resuspended in Dulbecco's modified Eagle's medium (DMEM) with F-12 (1:1) (GIBCO, Invitrogen), 10% fetal bovine serum (FBS) (Natocor, Córdoba, Argentina), 100 U/ml penicillin, and 100 g/ml streptomycin (GIBCO, Invitrogen). The enriched collecting duct pellets were obtained by centrifugation at 60 g for 1 min and resuspended in an adequate volume of DMEM-F-12. Enriched tubular suspensions were seeded in sterile dry glass coverslips placed in six-well multidishes. After growing at 37°C for 96 h, cultures were treated with 1 M BK (Sigma) for 1, 5, and 10 min. Incubations were stopped on ice, and cells were rapidly processed for microscopy. When experiments were performed in the presence of the BK B2 receptor (B2R) inhibitor HOE-140 (100 nM; Sigma) cultures were preincubated for 30 min before BK stimulation, and when they were performed in the presence of cytochalasin D (10 g/ml; Sigma) cultures were preincubated for 15 min before BK stimulation. In pinocytosis studies, cells were preincubated with fluid phase marker Alexa Fluor 488-conjugated dextran (1 mg/ml; Molecular Probes) for 5 min before BK stimulation or BK treatment was performed in the presence of dextran to avoid early internalization. When we investigated the caveolar route, we used cholera toxin B (CtxB) as a positive control to show colocalization with caveolin-1. For CtxB internalization, cells were incubated with Alexa Fluor 647-conjugated CtxB (7 g/ml; Molecular Probes) for 45 min at 10°C, washed, and further incubated at 37°C for 5 min. Excess CtxB at the cell surface was removed by acid stripping (30 s at 10°C with DMEM, pH 3.5). In perturbation experiments, cells were preincubated with the phosphoinositide synthesis inhibitor LiCl (10 mM; Sigma) for 24 h before BK stimulation.
Cell labeling and immunofluorescent microscopy. For immunostaining, cells treated as described above were fixed with methanol (at Ϫ20°C for 10 min) and acetone (at Ϫ20°C for 4 min) and blocked with 3% goat normal serum (Vector Laboratories) in PBS. After fixation, cells were incubated with the appropriate combinations of antibodies either overnight at 4°C or for 1 h at room temperature in goat serum containing PBS. The following primary antibodies were used: mouse anti-vinculin (Sigma), biotinylated mouse anti-PtdIns(4,5)P2 (Echelon Biosciences), rabbit anti-actin (Sigma), rabbit anti-caveolin-1 (Santa Cruz Biotechnology), and rabbit anti-CD71 (transferrin receptor, TfR) (Santa Cruz Biotechnology). Mouse and rabbit primary antibodies were detected with fluorescent Alexa Fluor 488-or 546-conjugated F(ab)2 fragment goat anti-mouse or anti-rabbit (Molecular Probes) and tetramethylrhodamine isothiocyanate (TRITC)-conjugated streptavidin (Jackson ImmunoResearch) to detect anti-PtdIns(4,5)P2. Finally, the cells were mounted with Vectashield mounting medium (Vector Lab) and stored at 4°C until analysis. Specimens were examined with an Olympus FV300 confocal microscope (model BX61), with acquisition software FluoView version 3.3 provided by the manufacturer. Double fluorescence for green and red channels was visualized by using an argon-heliumneon laser. Double-stained images were obtained by sequential scanning for each channel to eliminate the cross talk of chromophores and to ensure the reliable quantification of colocalization. Before quantitative analysis of colocalization, background correction was performed by removing pixels of unwanted levels with the background correction command of the image analysis software. All images were processed for output purposes with Adobe Photoshop software.
Quantitative colocalization analysis. The confocal images were analyzed with Image-Pro Plus version 5.1.2 (Media Cybernetics). All adhesion sites (FAs) in 7-10 randomly selected cells were analyzed for generation of quantitative data sets for BK B2R inhibitor HOE-140 treatment, and three independent experiments were performed. Cells were examined with a ϫ100 Plan Apo oil objective (numerical aperture 1.4), resulting in a pixel length of 0.1388 m after spatial calibration was performed. To even out background variations in our immunofluorescence images, we applied a "flatten filter." This is often done to prepare an image for count/size operations because flattening reduces the intensity variations in the background pixels. To select the intensity range of the objects (FAs) to be counted, we applied the software command to carry out the "segmentation" of the image. This application segments the image into objects and background. The total number of vinculin-stained FAs per cell was counted. To this end, the contour of each cell in the confocal image (area of interest) was manually drawn with the mouse pointer of the program.
Colocalization of antigens was evaluated quantitatively by the colocalization command of Image-Pro Plus version 5.1.2. The Manders overlap coefficient (MOC) was used to estimate the degree of colocalization (26) . Its value is defined from 0 to 1, and a MOC Ն0.7 indicates colocalization and implies that 70% of both its components overlap with the other part of the image. Two additional overlap coefficients, K1 and K2, were also calculated. These coefficients split the value of colocalization into two separate parameters, thus allowing the determination of the contribution of each antigen to the areas with colocalization. Calculations were performed in the perinuclear and in the marginal region of the cells serving as a region of interest. Three independent experiments were performed.
Pixel intensity profile from cell edge. Images of vinculin-labeled cells were imported into Image-Pro Plus software. The signal intensity was determined in 15-m lines from the cell edge toward the cell center. Average intensity profiles were calculated from 20 regions per cell in 5-7 different cells per experimental condition (control and BK 1, 5, and 10 min of stimulation), and three independent experiments were performed.
Statistics. Results are expressed as means Ϯ SE. Data from control and different treatments were analyzed by ANOVA, and significant differences were assessed by the "a posteriori" Tukey-Kramer multiple comparison test (P Ͻ 0.05).
RESULTS

BK-induced mobilization of vinculin from FAs is dependent on BK B 2 receptor.
In a previous study (27) , we took advantage of the fact that primary cultured papillary collecting duct cells preserve their tendency to attach with their self-formed extracellular matrix through FAs by mimicking their behavior in intact tissue. Using this experimental strategy, we demonstrated that BK treatment induces the dissipation of most of the vinculin-stained FAs and that the pretreatment of cultured cells with the PLC␤ inhibitor U73122 abolishes the loss of vinculinstained FAs resulting from the BK treatment. By contrast, BK does not induce dissipation of talin-stained FAs, as occurs with vinculin-stained FAs (27) .
Under physiological conditions, most BK effects involve BK B 2 Rs, which are present in several renal cell types such as collecting duct cells, mesangial cells, glomerular membranes, and medullary interstitial cells (37). Since we have previously demonstrated that BK stimulates the activation of PLC␤ in rat renal papillae (39) and modulates FAs through a mechanism that involves the activation of PLC␤ in rat renal papilla collecting duct cells (27) , we attempted to determine whether BK-induced vinculin-stained FA dissipation depends on BK-B2R activation. To this end, we incubated nonconfluent primary cultures of rat renal papillary collecting duct cells with 100 nM HOE-140, a selective BK B 2 R antagonist, for 30 min before BK stimulation and subsequently performed an analysis by confocal microscopy. We found that the pretreatment of cells with the BK B 2 R antagonist HOE-140 prevented the dissipation of vinculin-stained FAs (Fig. 1A) . The quantitative analysis of the number of FAs per cultured cell treated with BK showed a significant decrease compared with the control (C) value (C vs. BK 1 min, vs. BK 5 min, vs. BK 10 min; P Ͻ 0.05) (Fig. 1B) . By contrast, the number of FAs per cultured cell treated with the BK B 2 R blocker before BK stimulation showed no significant difference from cells treated only with HOE-140 [C HOE vs. BK HOE 1 min, vs. BK HOE 5 min, vs. BK HOE 10 min; P ϭ not significant (NS)] further confirming that observed by confocal microscopy (Fig. 1B) , thus indicating that BK-induced mobilization of vinculin from FAs is dependent on the B 2 R.
Vinculin internalization does not occur by endocytosis. We previously demonstrated (28) that the FA proteins vinculin and talin, when assembled in FAs, are localized in detergentresistant membrane microdomains (DRMs) in renal papillary collecting duct cells. Taking into account that glycosylphosphatidylinositol-anchored proteins are also located in DRMs and are internalized with fluid-phase endocytosis markers such as fluorescent dextran (F-Dex) (36), we tested whether vinculin was internalized by this route. To this end, we preincubated cultured collecting duct cells with the fluid-phase endocytosis marker F-Dex (1 mg/ml) for 5 min before BK stimulation and analyzed the colocalization of F-Dex and vinculin by confocal microscopy and quantitative analysis of the extent of colocalization by calculating the overlap coefficient according to Manders (MOC). Alternatively, to avoid early internalization we performed treatment with BK in the presence of F-Dex without previous incubation. We found no overlapping points between vinculin and F-Dex (Fig. 2A) . The quantitative analysis of the extent of colocalization showed that the majority of vinculin fluorescence does not overlap with F-Dex, thus indicating that vinculin was not internalized together with F-Dex from the fluid phase after BK treatment (C vs. BK 1 min, vs. BK 5 min, vs. BK 10 min; P ϭ NS) (Fig. 2B) . Similar results were obtained when cells were incubated with BK in the presence of F-Dex without previous incubation (not shown). To determine whether vinculin was internalized by another route involving caveolin-coated membrane domains, we examined the caveolar route. We first analyzed the distribution of caveolin-1 and vinculin by double immunofluorescence, since endocytosis via caveolae results in structures that retain the caveolin coat (35) . As shown in Fig. 3A , caveolin-1 was detected in punctuate arrays but neither the control nor the BK-treated cells showed colocalization with vinculin. The calculation of the overlap coefficient showed that these two molecules did not colocalize (MOC Ͻ 0.70) and no significant difference exists between control and BK-treated cells (C vs. BK 1 min, vs. BK 5 min, vs. BK 10 min, P ϭ NS), thus confirming that observed by confocal microscopy ( Fig. 3B ) and indicating that vinculin was internalized via a noncaveolae-mediated pathway. Colocalization of caveolin-1 with CtxB was carried out as a positive control (Fig. 3) . The TfR, which is usually used to detect internalization by the clathrin-mediated pathway, is also considered a marker of the recycling endosomal compartment (7) . We wanted to know whether vinculin was also internalized together with the TfR. We thus examined the distribution of vinculin and TfR by double immunofluorescence and confocal microscopic analysis and found that the colocalization was negligible both in basal conditions and after BK stimulation (Fig. 4A) . However, when the overlap coefficient was calculated, the values obtained after BK stimulation were over the limiting value of MOC (0.70) to consider positive colocalization, but the differences between control and BK-treated cells were not significant (C vs. BK 1 min, vs. BK 5 min, vs. BK 10 min; P ϭ NS) (Fig. 4B) . Consequently, we considered that some vinculin colocalized with TfR, thus indicating that at least part of the vinculin was delivered to a recycling compartment after BK stimulation.
We concluded that BK induces vinculin-stained FA dissipation by the internalization of vinculin by a noncaveolar, independent pinocytic pathway and at least part of the vinculin is delivered to the recycling endosomal compartment.
BK induces formation of vesicle-like structures containing vinculin and PtdIns(4,5)P 2 . In cultured cells, vinculin is enriched at cell-cell and cell-matrix junctions (13) but is in equilibrium with a large cytosolic pool (23) . As in other cell types, untreated cultured renal papillary collecting duct cells showed both FA and cytosolic vinculin immunostaining (Fig. 5A) . However, after 1 min of BK stimulation most of the vinculin from FAs was dissipated, concomitantly with the appearance of cytosolic vesicle-like structures containing vinculin (Fig. 5A, zoom) . It is important to note that these vesicle-like structures containing vinculin were not present in untreated cells, although the soluble cytosolic pool of vinculin was observed (Fig. 5A) . The distribution of these vesicles in the whole cell body was then carefully examined by studying the pixel intensity profile of the fluorescence of vinculin from the cell edge toward the nucleus. Analysis of the pixel intensity profile of untreated cells showed a diffuse localization of vinculin in the cytosol (Fig. 5B) . After 1 min of BK stimulation, vinculin was mainly accumulated in the perinuclear region, and after 5 min the vinculin signal returned to a more diffuse pattern of distribution in the cytosol, although vinculin-containing vesicles around the nuclei were also observed (Fig. 5B) . After 10 min, although a lot of vesicles were still present in the cytosol, vinculin-stained FAs began to reassemble since the number of FAs per cell increased (Fig. 5) .
The role of phosphoinositides in defining vesicle identity and in recruiting both cytosolic and membrane proteins to specific membranes is well known (8) . According to the available data, the vinculin tail domain can interact both with phosphoinositides such as PtdIns(4,5)P 2 and with acidic phospholipids (1, 18) . To determine whether PtdIns(4,5)P 2 participated in the recruitment of vinculin to the vesicle-like structures observed in the cytosol, confocal immunofluorescence microscopy of double-stained cultured collecting duct cells was performed at each time of BK stimulation. Interestingly, the morphology of these vesicle-like structures changed depending on the intracellular location and the time of BK stimulation. Under basal conditions, perinuclear PtdIns(4,5)P 2 -containing vesicles that did not overlap with vinculin were observed (MOC 0.65 Ϯ 0.02) (Figs. 5A and 6A). After 1 min of BK stimulation, PtdIns(4,5)P 2 vesicles increased in size and significantly overlapped with vinculin (MOC 0.94 Ϯ 0.01), although not in the marginal region of the cell (MOC 0.56 Ϯ 0.03) (Figs. 5A and 6A). After 5 and 10 min of BK stimulation, vesicles containing vinculin and PtdIns(4,5)P 2 were distributed in the cytosol in a polarized pattern (Fig. 5A) , and although both molecules colocalized in the perinuclear region (MOC 0.79 Ϯ 0.01 and 0.85 Ϯ 0.03, 5 and 10 min, respectively), the overlap coefficient according to Manders was significantly smaller than at the 1 min time point (MOC BK1min vs. MOC BK5min , P Ͻ 0.001; MOC BK1min vs. MOC BK10min , P Ͻ 0.05) (Fig. 6A) . After 10 min, a smaller number of vesicles showed only PtdIns(4,5)P 2 immunostaining and were mainly located in the marginal region of the cells (Fig. 5A) .
Interestingly, in the marginal region of the cell, vinculin showed a stronger overlap with PtdIns(4,5)P 2 in untreated than in BK-treated cells (MOC Control vs. MOC BK1min , vs. MOC BK5min , vs. MOC BK10min ; P Ͻ 0.001), and the opposite was observed in the perinuclear zone (MOC Control vs. MOC BK1min , vs. MOC BK5min , vs. MOC BK10min ; P Ͻ 0.001) (Fig. 6A) . Our next step was to determine the contribution of vinculin and PtdIns(4,5)P 2 to the area of colocalization in untreated and BK-treated cells by calculation of overlap coefficients K1 and K2, corresponding to PtdIns(4,5)P 2 (K1, red channel) and to vinculin (K2, green channel) (Fig. 6, B and C) . The analysis of these coefficients showed a different contribution of both molecules depending on the region analyzed. In the perinuclear region of untreated cells, vinculin contributed to colocalization more than PtdIns(4,5)P 2 , and after BK stimulation both molecules changed their roles (Fig. 6B) . In the marginal region of the cell, independent of the treatment, the contribution of PtdIns(4,5)P 2 was always greater than that of vinculin (Fig. 6C) .
To corroborate the requirement of PtdIns(4,5)P 2 for vinculin recruitment into vesicles we performed perturbation experiments by preincubating the cells with the phosphoinositide synthesis inhibitor LiCl for 24 h before BK stimulation. In a previous work (28), we showed that the treatment of cultured cells with LiCl induces a decrease in the number of vinculinstained FAs per cell but not in the number of talin-stained FAs. As shown in Fig. 5A , LiCl-pretreated cells after BK stimulation showed vinculin dissipation from FAs, but the appearance of cytosolic vesicle-like structures containing vinculin and PtdIns(4,5)P 2 was not observed. Instead, vinculin was distributed throughout the cytosol, and vinculin-stained FAs did not reassemble as observed when cells were treated for 10 min with BK alone (Fig. 5A) . The absence of vinculin-stained vesicles in LiCl-treated cells may indicate that the decreased production of PtdIns(4,5)P 2 would compromise the recruitment of vinculin into vesicles. Together, these results suggest that BK induces vinculin mobilization from FAs, and after internalization vinculin is recruited by PtdIns(4,5)P 2 to vesicle-like structures. The analysis of the overlap coefficients K1 and K2 helped us to find out more about the possible mechanism involved in the recruitment of vinculin to the vesicles observed after BK stimulation. The modification of the contribution to colocalization of vinculin and PtdIns(4,5)P 2 may indicate changes in the degree of expression of PtdIns(4,5)P 2 in the vesicles to ensure the recruitment of the vinculin that is not forming FAs, namely the cytosolic pool. After BK treatment, although PtdIns(4,5)P 2 always contributes more than vinculin in both cellular regions analyzed, in the perinuclear region, the difference between K1 and K2 is smaller than in the marginal regions. A possible interpretation of these observations can be summarized as follows: PtdIns(4,5)P 2 may be playing a role in the recruitment of vinculin to the membrane of the vesicle-like structures that accumulate in the perinuclear region after short times of BK stimulation. From here, vinculin-containing vesicles migrate to the marginal region of the cell to be recruited for FA formation. For this reason, the difference between K1 and K2 is higher and PtdIns(4,5)P 2 predominates because vinculin is delivered to FAs. This explanation is consistent with the presence of vesicles immunostained only with PtdIns(4,5)P 2 near the region where FAs appear after 10 min of BK stimulation (Fig. 5A ). In addition, this is in accordance with the low values of MOC obtained in the marginal region of the cell after BK stimulation. Taking into account that we did not observe vinculin-containing vesicles beneath the plasma membrane after 1 min of BK stimulation, and that neither the caveolae endocytic pathway nor endocytosis of the fluid phase was used by vinculin, we have no evidence to support the idea that BK induces vinculin internalization by endocytosis. However, as mentioned above, vinculin colocalized with TfR. This result suggests that at least a fraction of the vinculin that is not forming part of FAs is delivered to a recycling compartment after BK stimulation. Accordingly, vinculin-containing vesicles congregated in a perinuclear region, where the recycling compartment is located.
Vinculin-containing FA reassembly depends on actin cytoskeleton. Actin-based intracellular translocation of vesicles containing integrins from the perinuclear recycling compartment to the newly forming FAs has been previously reported (19) . We thus wanted to know whether BK-induced vinculinenriched vesicle translocation to the plasma membrane where FAs reassemble occurs by a similar mechanism. Therefore, we studied the presence of vinculin-stained FAs after pretreatment (15 min) of subconfluent primary collecting duct cell cultures with the actin-depolymerizing drug cytochalasin D before BK stimulation and subsequent analysis by confocal microscopy. Cultured cells treated only with cytochalasin D preserved their flattened shape and remained attached throughout the entire experimental period (Fig. 7A) . However, microscopic observation showed that vinculin-stained FAs were altered. We were able to recognize punctate structures containing vinculin in the plasma membrane smaller than the classical vinculin-stained FAs observed in untreated cells (Fig. 7) , but the cytosolic pool of vinculin was not affected. Pretreatment with cytochalasin D did not prevent BK-induced vinculin-stained FA dissipation but abolished the reassembly of vinculin-containing FAs observed after 10 min of BK stimulation in the absence of cytochalasin D (Fig. 7A) . In addition, although some vesiclelike structures containing vinculin were observed in the cytosol, their number and morphology were not like those of the structures observed when cells were treated with BK alone. Instead, vinculin was randomly distributed in the cytosol after BK treatment (Fig. 7A) . To determine whether cytochalasin D Together, these findings suggest that the formation as well as the translocation of vinculin-enriched vesicles to newly forming FAs does depend on actin filaments.
DISCUSSION
We recently reported (27) the role of BK in modulating cell-matrix adhesions and actin organization in collecting duct cells. These studies demonstrated that BK treatment induces the dissipation of vinculin-stained FAs by a PLC-dependent mechanism. By contrast, BK did not induce dissipation of talin-stained FAs, indicating that BK induces FA restructuring rather than disassembly (27) . The resistance of talin to being mobilized by BK from FAs is probably an important difference between collecting duct cells and migratory cells, which undoubtedly need the complete dissipation of FAs to carry out migration.
Under physiological conditions, most BK effects involve BK B 2 Rs, which are targeted to DRM on activation by an agonist (16, 37) . In the present study, we demonstrated that BK-induced mobilization of vinculin from FAs depends on the B 2 R. We previously demonstrated (28) that vinculin-assembled FAs are also located in DRM in renal papillary collecting duct cells. Because BK acts in a paracrine manner because of its very rapid degradation and short half-life, the coincidence in plasma membrane location of both BK B 2 R and vinculin could explain the rapid and transient mobilization of vinculin from the FAs observed at the earliest time point assayed (BK 1 M, 1 min). Coincident with the physiological role of endogenous BK, the effect on FAs observed in collecting duct cells with exogenous BK is reversible, as assessed by the reassembly of vinculin-containing FAs observed at 10 min after BK stimulation. The disassembly of FAs is not well understood, but it has been proposed that it occurs by endocytosis (11, 21, 32, 41) . In migrating cells, integrins are continuously transferred via the endocytic cycle, from the rear of the cell to its front for reuse. The endo-/exocytic cycle of integrins has been suggested to facilitate FA complex assembly as well as cell motility (3). Once internalized, integrins congregate in the perinuclear recycling compartment, where they colocalize with endogenous TfR (21) . We failed to find vinculin internalization by endocytosis or pinocytosis. These observations are consistent with our notion that BK does not induce FA disappearance, which is known to involve the internalization of integrin but has a selective dissipation of vinculin. Our results showed some vinculin colocalization with TfR, which suggests that at least a fraction of this protein is delivered to the recycling compartment after BK stimulation. This is consistent with the density of vinculin fluorescence in the perinuclear region observed in BK-treated cells, where the recycling compartment is located. We hypothesize that the release of vinculin occurs as a consequence of BK-induced PLC activation and a later decrease in the local PtdIns(4,5)P 2 concentration (27) . The released vinculin could enter the recycling pathway, thus justifying the value of the overlap coefficient obtained.
Studies with Madin-Darby canine kidney (MDCK) cells, Neuro 2a cells, and A431 cells indicate that as much as half of the cellular PtdIns(4,5)P 2 is present in lipid rafts (25) . Stimulation of A431 cells with BK leads to the time-dependent loss of PtdIns(4,5)P 2 from the rafts, with no change in nonraft PtdIns(4,5)P 2 , indicating that phosphatidylinositol turnover occurs in lipid rafts rather than in bulk plasma membrane (34) . Since we have demonstrated that in collecting duct cells FAs are located in lipid rafts (28) and that BK induces dissipation of FAs by PLC activation (27, 39) , and since it is known that vinculin must be bound to PtdIns(4,5)P 2 to remain in FA plaques (14) , it is possible that stimulation with BK evokes PtdIns(4,5)P 2 hydrolysis with a concomitant release of vinculin from FAs, which internalize by an unknown mechanism, to be delivered to a recycling compartment located in the perinuclear area.
In this study, we observed the presence of vesicle-like structures containing vinculin and PtdIns(4,5)P 2 that first accumulated in the perinuclear region and then diffused in the cytosol to reach the marginal region of the cell, where new vinculin-stained FAs began to reassemble. We demonstrated that BK induces an intracellular redistribution of vinculin from the nuclear pool to the cytosolic compartment without changes in the total amount of the protein (27) . Consequently, we suggest that at least part of the vinculin accumulated in the vesicles in the perinuclear region may come from the nuclear pool. The absence of vinculin-containing vesicular structures in the marginal region or beneath the plasma membrane after the earliest BK time point assayed (1 min) is in accordance with the fact that vinculin is not internalized by endocytosis. Therefore, the formation of these vesicles could constitute a physiological mechanism by which the cell does not internalize vinculin. Instead, the cell mobilizes vinculin from the cytosolic and nuclear pools toward the plasma membrane, where new FAs begin to assemble after longer periods of BK stimulation (10 min).
The importance of phosphoinositides in defining vesicle identity and recruiting both cytosolic and membrane proteins to specific membranes is well known (8) . On the other hand, it is accepted that the vinculin tail domain can interact both with PtdIns(4,5)P 2 and with acidic phospholipids to adapt an open conformation to be inserted into membranes (1, 18) . Consequently, it is possible that PtdIns(4,5)P 2 could participate in the recruitment of vinculin to the vesicular structures. The absence of these vesicular structures in LiCl-pretreated cells is consistent with this interpretation, thus indicating that the decreasing production of PtdIns(4,5)P 2 compromises the recruitment of vinculin into vesicles. The highest concentration of PtdIns(4,5)P 2 is found in the perinuclear vesicles formed immediately after BK stimulation, and the contribution of PtdIns(4,5)P 2 in the vesicles decreases as vesicles migrate to the plasma membrane. It is probable that PtdIns(4,5)P 2 initially acts as a molecule to ensure the recruitment of the soluble vinculin coming from the cytosolic or the nuclear pool to the vesicles. By contrast, the loss of PtdIns(4,5)P 2 may serve to facilitate the exit of vinculin from the vesicles to be inserted into the plasma membrane to be part of the FA complexes. In conclusion, it appears that modulation of the formation of vesicle-like structures could be a physiological mechanism through which the cell can reuse the BK-induced internalized vinculin to be delivered for newly constructing FAs.
Inhibition of FAs formation by cytochalasin D has been reported by others (12, 19) . Apparently, the mechanism of vinculin incorporation in the vesicle-like structures does not depend directly on actin cytoskeleton, since neither their formation nor their number was affected by cytochalasin D pretreatment. However, the integrity of the actin cytoskeleton is necessary for their intracellular distribution, since cells cultured in conditions favorable for depolymerizing actin showed a random distribution of the vesicles after BK stimulation. Moreover, BK-induced FA restructuring was not observed in cells pretreated with cytochalasin D, thus indicating the importance of actin filaments to transport the vinculin recruited in PtdIns(4,5)P 2 -enriched vesicles to the newly reassembled FAs when the cell returns to the physiological state after 10 min of BK stimulation.
BK induces FA restructuring rather than FA disassembly; thus, even without vinculin, talin-containing FAs are still present. It is known that FAs are hierarchical structures in which talin is the first protein that forms FAs, while vinculin is added thereafter (45) . The selective dissipation of vinculin from assembled FAs can be explained by considering their different affinities for membrane lipids. Vinculin binding to PtdIns(4,5)P 2 is of low affinity, while talin has high affinity to bind to PtdIns(4)P (9) . Thus the BK-induced decreased concentration of DRM PtdIns(4,5)P 2 leads to vinculin dissipation from FAs, while the concentration of PtdIns(4)P generated in DRM after BK stimulation is enough to bind talin. It has been demonstrated that talin induces remarkable structural changes in the head domain of vinculin, inducing its activation by relief of the intramolecular interaction between the head and tail domain, in the absence of any other stimulus (31) . Therefore, the presence of talin in FAs may serve for the restoration of vinculin to FAs after 10 min of BK stimulation. On the other hand, acting as a physiological hormone, besides inducing PtdIns(4,5)P 2 hydrolysis, BK also increases its local synthesis by activating phosphatidylinositol-4-kinase. Thus the restoration of the local concentration of PtdIns(4,5)P 2 after 10 min of BK stimulation may also serve to ensure the insertion of vinculin to the membrane to further add to the FA complex.
The present study, which was carried out with cells that were not genetically manipulated, provides new experimental evidence supporting the notion that the intrarenal hormone BK induces vinculin mobilization from FAs through a noncaveolar and independent pinocytic pathway and that it is delivered to a recycling compartment. From there, vesicles containing vinculin migrate to the cell membrane to allow FA restructuring. Our results show, for the first time, the formation of vesicle-like structures containing vinculin and PtdIns(4,5)P 2 , which after a polarized exocytic route transport vinculin to the site of FA assembly depending on actin filaments. We propose this finding as a novel mechanism for BK in the modulation of FA restructuring in renal papillary collecting duct cells.
